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ABSTRACT

CONSTRAINING NEUTRINOS AS BACKGROUND TO WIMP-NUCLEON
DARK MATTER PARTICLE SEARCHES FOR DAMIC: CCD PHYSICS
ANALYSIS AND ELECTRONICS DEVELOPMENT

Melissa Jean Butner, MS
Department of Physics
Northern Illinois University, 2016
Steve Martin, Director
Juan Estrada, Co-director

The DaMIC (Dark Matter in CCDs) experiment searches for dark matter particles using
charge coupled devices (CCDs) operated at a low detection threshold of ⇠40 eV electron
equivalent energy (eVee). A multiplexor board is tested for DAMIC100+ which has the
ability to control up to 16 CCDs at one time allowing for the selection of a single CCD for
readout while leaving all others static and maintaining sub-electron noise. A dark matter
limit is produced using the results of physics data taken with the DAMIC experiment.
Next, the contribution from neutrino-nucleus coherent scattering is investigated using data
from the Coherent Neutrino Nucleus Interaction Experiment (CON⌫IE) using the same
CCD technology. The results are used to explore the performance of CCD detectors that
ultimately will limit the ability to di↵erentiate incident solar and atmospheric neutrinos from
dark matter particles.
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CHAPTER 1
THE DARK MATTER MYSTERY

1.1

Introduction

Physicists have long endeavored to understand at the most fundamental level all of the
mysteries of the universe. The search for dark matter particles is currently one of the
biggest challenges for particle and astroparticle physics research. What we know about
dark matter is inferred indirectly via its gravitational attraction to surrounding ordinary
matter. Further, dark matter particles do not interact with standard model particles through
electromagnetism or the strong force. Observations also indicate that dark matter particles
interact weakly with ordinary matter as well as with themselves. They are believed to have
been non-relativistic in the early universe and must be massive to account for the amount of
missing matter in the universe. Not only does the fundamental nature of dark matter remain
a mystery but also how it formed and if it can interact non-gravitationally with standard
model particles.
This chapter discusses the evidence for dark matter from galactic dynamics to observations of the cosmic microwave background. A few of the most searched for dark matter candidates are discussed in chapter 2. In chapter 3, the theory behind WIMP-nucleus elastic scattering, expected recoil energies, event rates and an overview of Coherent Neutrino-Nucleus
Scattering as well as how it a↵ects the background in dark matter detectors are discussed. In
chapter 4 the di↵erent detection strategies for dark matter are discussed including both direct and indirect detection searches, collider searches along with an explanation of expected
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backgrounds in direct detection dark matter searches. Chapter 5 discusses an experiment
that uses CCDs to search for dark matter particles (DAMIC), as well as current results and
future plans along with the CO⌫NIE experiment. Chapter 6 discusses the detectors used
for both of the experiments discussed in this thesis. Results of an analysis of DAMIC and
CO⌫NIE data are given in 7. Finally, chapter 8 discusses the testing and results of a prototype board used for multiplexing the CCD readout, allowing a single CCD to be read out
while leaving an array of others static along with a conclusion given in chapter 9.

1.2

Evidence for Dark Matter in Galaxies

The earliest compelling evidence for dark matter comes from the observations of galactic
dynamics by Fritz Zwicky in the 1930s [1,2]. He measured the velocities of the galaxies within
the Coma cluster to determine the total mass of the cluster using the Virial Theorem [2].
The theorem states that the energy of any three dimensional object, in a closed orbit, is
hT i = - 12 hV i, where T and V are kinetic and potential energy respectively. This is true for
non-circular as well as circular orbits since T is a function of velocity, v, which can be taken
by its time average hvi to infer the mass. The inferred mass of the luminous matter was
compared to the results however, the mass of the luminous matter and the gravitational
mass did not match. This suggested a non-luminous matter must also be present to hold the
galaxy together which was coined “dark matter” and the search for this mysterious particle
continues today.

3

Figure 1.1: Galactic rotation curve for NGC 6503 (black squares). Shown are the contributions from the proposed dark matter halo, the luminous matter in the disk and gas. [3]

1.2.1

Galactic Rotation Curves

From standard Newtonian dynamics, the velocity of stars should fall o↵ as you move from
the center-of-mass of a galaxy to its outer edge. A star travels in a circular orbit according
to Newton’s Law of Gravitation by:
mv 2
GM m
Fc =
=
=) v =
r
r2

r

GM
.
r

(1.1)

Observations obtained by measuring the relative speed of stars as a function of distance from
the center of the galaxy show the velocity of the stars remain constant at larger radii. Figure
1.1 shows the rotation curve velocity (vc ) as a function of radius from the galactic center for
the spiral galaxy NGC 6503. This suggests extra dark matter is distributed centrally within
the galaxy with considerable mass density well beyond the observable stars. The observed
flat rotation curve in black squares is not accounted for by the gravitational attraction from
gas and luminous matter.
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Figure 1.2: The Bullet Cluster overlaid with the distribution of the total matter density
(purple) inferred from gravitational lensing, and the distribution of baryonic matter (pink)
inferred from X-ray observations by Chandra. [5]

1.2.2

Galaxy Clusters

Additional evidence for the existence of dark matter can be provided using collisions of
galaxy clusters to study the mass of the cluster. A well known example is the gravitational
lensing measurement and X-ray observations of the Bullet cluster shown in figure 1.2 which
was formed when two superclusters collided. An image taken with the Hubble space telescope
is overlaid with the distribution of total matter (purple region) inferred from gravitational
lensing and shows that the majority of the mass in this region which was formed when the
star systems passed by each other. The pink region shows an X-ray emitting region at the
center of the impact formed when interstellar gas from one of the superclusters collided
with gas from the other supercluster. This provides evidence that the predominant matter
in the cluster is kinematically similar to collisionless galaxies i.e. weakly-interacting and
non-baryonic since it does not emit X-rays.
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1.3

Cosmological Evidence for Dark Matter

The ⇤CDM cosmological model [6,7] has been developed over the last century to explain
cosmological and astrophysical observations. The ⇤CDM predicts isotropic abundances at
the present time and is used to model the production of atoms in the early universe. Table 1.1
provides a summary of the energy density of dark matter, dark energy and ordinary matter
in the known Universe, where ⌦ is the ratio of the density to the critical density. Evidence
Quantity

Symbol

Observed Value

Baryon Density
Dark Matter Density
Dark Energy Density

⌦b
⌦d
⌦⇤

0.0449 ± .0028
0.222 ± .026
0.729 ± .029

Table 1.1: Energy density of the ⇤CDM.

supporting the ⇤CDM model is provided by, among others, Big Bang Nucleosynthesis (BBN)
[8, 9], Baryon Acoustic Oscillations (BAO) [12], high-redshift supernova (SN) [10, 11] and
Large-scale Structure Formation [13]. Here we discuss briefly two of these, namely the
Cosmic Microwave Background (CMB) and Type Ia Supernovae.

1.3.1

Cosmic Microwave Background

The CMB, discovered by Arno Penzias and Robert Wilson in the mid 1960s [14], provides the most precise measurement of energy densities. It was produced when the early
universe cooled to 3000 K allowing ionized plasma to recombine into Hydrogen. The CMB
is a combination the two competing forces, the gravitational force causing matter to fall
inward and an outward pressure exerted by protons. As the universe cooled and expanded it
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Figure 1.3: Power spectrum of temperature fluctuations in the Cosmic Microwave Background detected by Planck at di↵erent angular scales on the sky. Figure from [15].
became isotropic (same in all directions) and uniform in temperature leading to the current
temperature of T ⇠ 2.73 K. Figure 1.3 shows the angular power spectrum (which measures
amplitude as a function of wavelength), of temperature fluctuations of the CMB on the sky.
During recombination, acoustic oscillations in the photon-baryon plasma in the early universe froze which produced the series of peaks seen in the power spectrum. These acoustic
oscillations cause a spatial variation in the CMB temperature that oscillates in time. From
temperature fluctuations, the power spectrum as function of the angular frequency called
the multipole moment ` can be constructed. The information that comes from the angular
location of the first acoustic peak is the geometry of the universe. These possible curvatures
are listed in Table 1.2. From the power spectrum we can see the first peak, at an angular
If the 1st peak is at ` ⇠200

Flat Universe

If the 1st peak is at ` >200

Open Universe

If the 1st peak is at ` <200

Closed Universe

Table 1.2: Possible curvatures for the shape of the universe.
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scale of slightly less than 1 (` close to 200). This means that the primary information that
comes from the angular location of the first peak indicates that the universe is flat. The ratio
of the first to the second gives baryon density while details about the dark matter density is
found by comparing the third peak to the first two peaks leading to a fractional density of
ordinary matter (4.9%), dark matter (25.9%) and dark energy (69.2%) [15].

1.3.2

Type Ia Supernovae

Type Ia supernovae (SNe) explosions are believed to occur in a binary system (two stars
orbiting one another), one of which must be a white dwarf star while the other can be a giant
star or another smaller white dwarf. White dwarf stars are small with radius ⇠ the size of
the Earth, extremely dense, dominated by electron degeneracy, generally with a Carbon and
Oxygen core and a thin non-degenerate envelope dominated with Hydrogen or Helium. Since
fusion has stopped they lose energy by radiating stored thermal energy. White dwarf stars
are bound by the Chandrasekhar limit of ⇠1.4 M . Above this limit electron degeneracy
pressure is insufficient to support star against gravity and it collapses. Since type Ia SNe
have little variation in their peak luminosity because of their uniform mass they are useful
for measuring cosmological distances. Observation of light curves of Type Ia SNe combined
with studies of the BAO and evidence from the CMB provide a convincing measurement of
the matter density of the Universe. Figure 1.4 shows constraints on the major components
of the energy density of the Universe from the Supernova Cosmology Project [10, 11]. The
figure shows the CMB constraints close to ⌦⇤ + ⌦M = 1 and a SNe constraint close to ⌦⇤ 1.6 x ⌦M = 0.2. The constraints on the BAO show a ⌦M component but there is hardly any
dependence on ⌦⇤ . These observations together indicate a nearly flat (⌦ ⇡ 1) universe that
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Figure 1.4: 68.3%, 95.4%, and 99.7% C.L. contours for the dark matter ⌦M and dark energy
⌦⇤ consensus model obtained from baryon acoustic oscillation (BAO), CMB, and SN measurements. The overlap region suggests an almost flat universe with ⌦M ⇠ 0.317 and ⌦⇤ ⇠
0.683. Figure from [16].
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is primarily dominated by a dark matter component ⌦M ⇠ 0.317 and dark energy component
⌦⇤ ⇠ 0.683.
Despite the overwhelming evidence for dark matter in the Universe, a dark matter particle
continues to elude the large number of experiments actively searching for possible dark matter
particle candidates. These are discussed in the next chapter.

CHAPTER 2
PARTICLE CANDIDATES FOR DARK MATTER

Dark matter (DM) particle searches are not only motivated by cosmology but are connected to unresolved problems in particle physics. A brief summary of particle physics and
related problems is presented here.

2.1

The Standard Model of Particle Physics

The standard model (SM) of particle physics describes particles and their interactions
via 3 categories of fundamental particles. The first category are the spin

1
2

Fermions which

contain two fundamental subcategories: quarks and leptons, each of which contain 6 elementary particles. The six quarks are referred to as up, down, charm, strange, top and bottom.
The leptons are: the electron (e), electron neutrino (⌫e ), muon (µ), muon neutrino (⌫µ ), tau
(⌧ ) and tau neutrino (⌫⌧ ).
Category 2, spin 1 gauge bosons, include three fundamental force carrying particles for
the strong, weak, and electromagnetic forces, each which have di↵erent ranges and strengths.
The three fundamental forces result from the exchange of the force carrier particles. The
gauge bosons are: the photon ( ) which mediates the electromagnetic force, gluons (g) which
mediate the strong force and the W and Z bosons which mediate weak interactions. A force
carrier for the gravitational force is also hypothesized (the graviton), however has yet to be
observed. The masses of the fermion particle states are accounted for via their coupling to
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the field created by the third category particle, the SM Higgs boson recently discovered with
a mass mH ⇠ 125 GeV [19] [20].

2.2

Standard Model Neutrinos

A popular dark matter candidate has been the neutrino because they are part of the SM,
neutral and weakly interact via W/Z exchange. However recent calculations [21] have shown
the total relic density (⌦⌫ h2 ) of neutrinos to be
3
X
mi
⌦⌫ h =
,
93eV
i=1
2

(2.1)

where mi is the mass of the i th neutrino. The variable h2 is used to parameterize the present
uncertainty on the value of the Hubble constant defined as H0 = 100 h km sec

1

M pc 1 .

Troitsk and Mainz [22] currently have the best laboratory constraint on neutrino masses
from tritium -decay experiments which yield an upper limit on the neutrino mass of m⌫
< 2.05 eV (95% C.L.). If all 3 mass eigenvalues [23] are considered, then the upper bound
on the total neutrino relic density is ⌦⌫ h2 . 0.07. This implies neutrinos are not abundant
enough to account for DM, thus requiring particles beyond the SM

2.3

Basic Properties of Dark Matter

Dark matter is not made of “ordinary” matter such as protons, neutrons, electrons. Dark
matter particles are said to be “hot” if at the time when galaxies were beginning to form a
dark matter candidate was moving at relativistic speeds, and “cold” if at that time it was
moving non-relativistically at the time of structure formation. A popular hot dark matter
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candidate has been the neutrino however, as was previously discussed a neutrino-dominated
Universe does not account for the amount of missing matter.
A summary of inferred properties of cold dark matter particles based on current constraints are listed below.
• Weakly Interacting. Assumed to be weakly interacting, since it has yet to be detected
via gravitational interactions with other particles (no charge or color).
• Collisionless. Passes through and does not significantly scatter with atoms or themselves.
• Dark. Called dark because thus far they are not found to emit, reflect or absorb light..
Electrically neutral.
• Stable. These particles were produced in the early universe so they must somehow
be stable against decays into known particles within the timescale of the age of the
universe.
• Massive. Must be massive to account for the dark matter abundance in the universe.
All of the SM particles decay with lifetimes shorter than the age of the universe down to
the six lightest particles: the three neutrinos, the electron, and the up and down quarks which
form stable protons as well as neutrons in nuclei. Of these, only the electron would have the
possibility of significantly accounting for dark matter if it is “neutralized” by bonding with
protons, however protons and neutrons do not account for a large enough energy density
to account for the amount of missing dark matter for which even the total baryonic energy
density is also too small. Therefore, no SM particles are good candidates for dark matter,
thus requiring particles beyond the standard model.
Besides the lack of a dark matter candidate, other phenomena in particle physics indicate the need for physics beyond the Standard Model. These include the gauge hierarchy
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problem (why the mass of the Higgs is so small?), the strong CP problem, the observed
matter/antimatter asymmetry (in the universe), the existence of neutrino masses and the
grand unification problem.

2.4

Weakly Interacting Massive Particles

Weakly Interacting Massive Particles (WIMPs) are the leading particle physics candidates
for dark matter in direct, indirect and collider experiments. They have a cross section of
the order of about the weak strength with a mass ⇠10 GeV to a few TeV and interact with
the W and Z gauge bosons, but not gluons or photons. If we assume the WIMPs were in
thermal and chemical equilibrium with the sea of other SM particles in the early stages of
the universe the present relic density can be calculated by;
⌦ h2 '
where

Av

0.1pb · c
h A vi

(2.2)

is the total annihilation cross section of WIMP pairs into SM particles and v is

the relative velocity between the WIMPs in their center-of-mass system [9, 17].

2.4.1

Thermal Freeze Out

In the early universe, WIMPs are in thermal equilibrium and the rate of annihilation is
equal to the rate of production. As the universe expands and cools, heavier particles cool
first then lighter particles. When the temperature (T) drops below the WIMP mass (< m ),
their density becomes exponentially suppressed and eventually annihilation ceases because
the particles are no longer able to find partners to annihilate resulting in a “frozen” relic
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Figure 2.1: Co-moving dark matter number density (left) and thermal relic density (right)
as a function of temperature (bottom) and time (top). Also shown are the annihilation cross
section that yields the correct relic density (solid black line) and the number density of a
WIMP particle if it remains in thermal equilibrium (dashed black line). Figure from [18].
density. The so-called co-moving WIMP density thus remains constant following freeze out.
Figure 2.1 shows the co-moving number density (Y) and thermal relic density (⌦X ) of a
100 GeV, annihilating dark matter particle as a function of temperature (T) and time (t).
The shaded regions indicate cross sections that di↵er by 10, 102 and 103 in the predicted
annihilation cross section values. Since most of the particles pass through the universe from
freeze-out to present without interacting this requires them to have a low cross section (low
probability of interacting). The weak force cross section needed to protect particles from
complete annihilation is (< 10

40

cm2 ) for particles in the range (10-1000) GeV. This is
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known as the “WIMP miracle” and has provided a strong motivation for WIMP particle
searches.

2.4.2

Supersymmetry

It is natural to ask whether the interactions of bosons and Fermions might be related by an
underlying connection, or symmetry. The most popular extension that aims to address this is
supersymmetry (SUSY). According to SUSY, each particle has an associated supersymmetric
partner. These are summarized in Table 2.1. SUSY is a type of space-time symmetry which
transforms a boson field into a fermion field with the same mass and vice versa. There
are several reasons why SUSY is appealing in particle physics. First, the mass scale of
electroweak symmetry breaking could be stabilized by supersymmetry thus, resolving the
gauge hierarchy problem.
The Minimal Supersymmetric Standard Model (MSSM) is an extension of the SM with
the minimum number of superpartners. In the MSSM, the superpartner for the normal
particles are named as follows: the Standard Model fermions acquire a prefix “s” (e.g.
selectron) and Fermion partners of the SM scalar and vector bosons acquire the suffix “ino”
(e.g., higgsino, gluino). Supersymmetric partners have a tilde placed over their symbol in
order to distinguish them from their normal standard model counterparts. Electroweak
symmetry breaking mixes the gauginos and higgsinos and forms the physical charginos and
neutralinos.
A new discrete property to the theory of supersymmetry is called R-parity, introduced
as
R = ( 1)3B+L+2s ,

(2.3)
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Table 2.1: A summary of the fundamental SM particles and their proposed supersymmetric
partners. Figure from [32].

where s, B, L are the particle spin, and baryon and lepton number, respectively. In this
model, R=1 for SM particles and -1 for their supersymmetric partners. If R-parity is conserved in particle decays the lightest supersymmetric particle (LSP) would not be able to
decay further and hence remains stable and provides a natural candidate for dark matter.
LSPs are often but not always a WIMP. They have not been observed interacting with
normal particles via the EM and strong forces thus, they must be colorless and electrically
neutral which makes them a popular dark matter candidate. Additional details about the
MSSM and how it relates to dark matter can be found in [31], [30], [17].

2.4.3

The Lightest Neutralino

In the MSSM, there are 4 neutralinos, that interact via the weak force. The B̃ and W̃3
gauge bosons and the neutral Higgs bosons H̃10 and H̃20 mix into fermionic mass eigenstates
called neutralinos. The lightest neutralino is “gaugino” dominated if MB̃ , MW̃3 ⌧ µ, where µ
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is a higgsino parameter. If the lightest neutralino is primarily higgsino then µ ⌧ MB̃ , MW̃3 .
The neutralino is a roughly equal mixture of bino and higgsino if MB̃ ⇠ µ, and is said to be
mixed. The bino, wino, and higgsinos all have di↵erent interactions, and their contributions
a↵ect the dark matter annihilation cross section and thus the relic density as well as the cross
section for neutralino-quark scattering. Since the lightest MSSM neutralino is thought to be
massive (tens of GeV or more), guaranteed of being stable, electrically neutral and interacts
by the weak force, it the most widely searched for WIMP candidate. The MSSM neutralino
is therefore a primary candidate from the point of view of a dark matter detection.

2.5

Axions

Quantum chromodynamics (QCD), the part of the standard model describing the strong
force, allows for Charge-Parity (CP) violating processes which have not been observed. The
electron dipole moment of the neutron is also measured to be very small when the theory
would prefer a larger value. Peccei-Quinn [24] [25] (PQ), in an extension to SM QCD,
introduce a solution to the QCD CP problem by allowing an angular parameter to be in a
dynamical field. As a result, this extension then predicts the existence of a particle excitation
called an axion. In this model the axion inherits a coupling to hadrons and photons. The
expected relic density from axions is,
2

⌦a h ⇡ .072

✓

fa
12
10 GeV

◆ 76

✓i2

(2.4)

where ✓i is a misalignment angle and fa is the axion decay constant. The supersymmetric
partner to the axion is called the axino.
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2.6

Other Candidates

Figure 2.2 shows an overview of the most widely searched for DM candidates in the
mass versus detection cross section plane. There are a sea of remaining other dark matter
candidates and theories which have been proposed to explain dark matter. A few other
popular cold and warm candidates include:
WIMPzillas: WIMPzillas are very massive particles, possibly as large as the Grand
Unified Theory (GUT) scale, theorized as a possible solution to the high energy cosmic ray
problem and produced at the end of the inflation period of the universe [32].
gravitino (G̃): Alternative scenarios have been proposed for spin 3/2 gravitino G̃ production as a possible candidate for the WIMP, mostly via decays of the next-to-lightest
supersymmetric particle (NLSP) [34, 35].
Another example of a “Beyond the Standard Model” WIMP candidates include sterile
neutrino, which is currently a popular warm-dark matter candidate. The sterile (or inactive)
neutrino interacts only gravitationally and not via forces of the standard model. A few
additional examples of proposed non-SUSY WIMP candidates include: theories with extra
dimensions such as Kaluza-Klein (KK) particles [36], mirror dark matter [37] and little
higgs [38].
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Figure 2.2: Overview of several well-motivated DM candidates in parameter space with
ranges of cross section and mass. Red boxes show Hot or warm dark matter candidates
ruled out by large scale structure formation. Warm and cold dark matter is indicated by
pink and blue regions respectively. The green box, the neutralino, is the focus of this work.
Figure from [33].

CHAPTER 3
DARK MATTER DETECTION VIA NUCLEAR SCATTERING
CROSS SECTION

3.1

WIMP-Nucleus Scattering Cross Section

The WIMP-nuclei cross section depends critically on the distribution of quarks and gluons
in nucleons and the distribution of nucleons in nuclei. The calculation of WIMP-nuclei
interactions takes place in 3-steps: first, the interaction of the individual WIMPs with quarks
and gluons is determined, second these sub-interactions are translated into interactions of
WIMPs with nucleons (using matrix elements of the quark and gluon operators in a particular
nucleon state) and finally, using the nuclear wave functions, the spin components of the
nucleons are coherently added to give the matrix elements for the WIMP-nucleus cross section
as a function of momentum transfer. The average spins can be calculated for protons and
neutrons within the nucleus at zero momentum transfer by evaluating the matrix elements
of the quark and gluon operators in a nucleon state. However, for non-zero momentum
transfer i.e. (larger scattering angles), a form factor suppression must also be determined
from nuclear wave functions.
For spin independent (SI) interactions, the matrix element that describes the transition
of the quark in the nucleus from its initial to final state is the quark scalar current expression,
hn|mq q̄q|ni = mn fq(n)

(3.1)
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(n)

where mq is the quark mass, mn is the nuclear mass, fq

parameterizes the model dependence

of the matrix element and q = (u,d,s). The contribution to the WIMP-nucleon cross section
by heavy quarks (c,b,t) can be related to the gluon contribution using QCD since these quarks
are massive and provide a hard scale. The nucleon mass and the light-quark contributions
determine the gluon contribution.
For spin-independent (SI) interactions, the final scaling between the WIMP-nucleus and
WIMP-nucleon cross section can be defined as,
SI
0

where m

n

2

=A

✓

m
m

n
p

◆2

SI
p

is the reduced mass of a WIMP and nuclei,

(3.2)

SI
p

' ⇡4 m2 p fp2 for a single nucleon,

fp2 is the scalar coupling constant for a proton and A is the atomic mass.

3.2

Nuclear Form Factor

The nuclear form factor is needed to complete the WIMP nucleus cross section calculation
at non-zero momentum transfers. The e↵ective cross section starts to fall with increasing
p
momentum transfer q = 2mT ER , in the limit the wavelength of the incident particle hq !
the size of the nuclear radius. From this we see the WIMP-nucleus scattering cross section
depends on the energy transfer of the collision. The cross section then behaves as:

=

where

0

0F

2

(3.3)

is the cross-section at zero momentum transfer and is dependent on the specific

interaction and F depends on the momentum transfer.
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For spin-independent interactions, in the first Born approximation, the form factor is the
Fourier transform of the nucleon density distribution of scattering states in the nucleus. A
form factor for di↵erent nuclei can be expressed in a universal form. At zero momentum
transfer, low energy lepton-nucleus elastic scattering can be used to determine F (q) and ⇢(~x)
if electric charge is assumed to be distributed in the same manner as the nucleons.
The di↵erential cross section can be written as:
d
0
= 2 2 F 2 (|q|)
2
d|q|
4µr v

(3.4)

where the form factor is normalized to F (0) = 1, the reduced mass µr for the target T , is
given by µr =

mT m
mT +m

, v is the speed of the WIMP with respect to the target, and

0

is the

total cross section (with no form factor correction). The form factor most commonly used
is the Helm form factor [REF],

F (qrn ) =

3ji (qrn )
e
qrn

(qs)2
2

=

3sin(qrn ) qrn cos(qrn )
e
(qrn )3

7
rn2 = c2 + ⇡ 2 a2
3
1

c = 1.23A 3

(qs)2
2

(3.5)

5s2

(3.6)

0.60f m

(3.7)

a = 0.52f m

(3.8)

s = 0.9f m

(3.9)

where ji is a Bessel function, q is the momentum transfer of the scattering state, rn is the
nuclear radius, a and s are nuclear skin thickness parameters and A is the mass number of
the nucleus. Lastly, spin dependent and spin independent interactions, each have a di↵erent

23
form factor correction due to the finite size of the nucleus and in principal depend on the
recoil energy and nuclear radius.

3.3

Expected Recoil-Energy Spectra and Event Rates

Dark matter particle direct detection experiments currently set limits on nuclear recoils
resulting from collisions between target nuclei, such as Si and Ge, for originating from new
heavy particles. For these smoothly decreasing and featureless nuclear recoils, the di↵erential
energy spectrum is defined as,
dR
R0
=
e
dER
E0 r

ER
E0 r

(3.10)

where R0 is the total event rate, E0 is the most probable incident kinetic energy of a dark
matter particle with mass m , ER is the recoil energy and r is a kinematic factor for a target
nucleus of mass mT which is defined as follows:

r=

4mT m
(mT + m )2

(3.11)

The target mass mT = A * .932, where A is the atomic mass of the target in units of
GeV. Setting the lowest possible limit involves reducing background events thus allowing
a spectrum of rare nuclear recoil events to be observed. Once the di↵erential rate at any
particular recoil energy value has been measured, in can be converted to a corresponding
upper limit for the predicted expected number of dark matter signal events.
The detection efficiency for nuclear recoils depends on that of the ionized electron recoils
measured by the detectors, hence efficiency factors need to be considered. Also, instrumental
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resolution and threshold e↵ects need to be considered. After taking these detector corrections
into account, the remaining observed di↵erential energy rate is given by,
Z

dR
⇢0
(ER ) =
dER
m mT
where

d
(v, ER )
dR

1

dv v f (v)

vmin

d
(v, ER )
dER

is the di↵erential cross section and vmin =

q

(3.12)

mT Eth
.
2µ2

For a target of atomic mass A and nucleus cross section , the event rate per unit mass
is,
dR =

N0
vdn,
A

(3.13)

where N0 is Avogadro’s number. In the limit vE ! 0 and vesc ! 1 the event rate can be
reduced to,
361 ⇣
R0 =
mT m 10

0
36 cm2

where v0 = 230 km s 1 , vesc = km s
d

1
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1
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and normalized to ⇢0 = 0.3 GeV c

2

R(0,vesc )
R0

3
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v0
220kms

1

⌘

kg 1 d

1

(3.14)

= .9948. R0 is expressed in units of kg

cm 3 , v0 = 230 km s

1

1

and mT = mass of target

nucleus = .932A with units of GeV c 2 .

3.4

WIMP particle density and velocity distribution

The WIMP-nucleus scattering cross section must then be extended to include the total
dark matter particle velocity distribution in our galaxy. This can be found by assuming a
Maxwellian dark matter velocity distribution

f (v, vE ) = e

(v+vE )2
2
v0

,

(3.15)
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where v is the velocity of the incoming dark matter particle with respect to the Earth, vE
is the Earths velocity relative to the non-rotating halo of the galaxy and v0 ⇡ 220 km s 1 .
The di↵erential particle number density dn for dark matter with relative velocities about v
within d3 v is,
dn = no f (v, vE )d3 v
which can be normalized so that n0 =

R vesc
0

dn =

⇢0
m

(3.16)
where n0 is the mean dark matter

particle number density, ⇢0 is the density of the dark matter particle of mass m , vesc is
escape velocity of the Earth. The adopted value for the density of the halo is ⇢0 = 0.3 GeV
cm 3 .

3.5

Annual Modulation

The total WIMP-nucleon scattering rate and spectrum depends on the relative velocity
of the WIMP and target because the detector is located on Earth, in orbit around the Sun,
in the solar system moving through the galaxy. For this reason, the motion of the Earth
around the Sun should result in a sinusoidal modulation of the WIMP-nucleon scattering
rate with a period of one year. The Earth travels through a “WIMP wind” directed against
the direction of rotation of the Sun around the galactic center. This is shown in schematically
in Fig. 3.1. This velocity is antiparallel or “into” the WIMP wind when the WIMP-nucleon
scattering is maximum and parallel to the WIMP wind when minimum. The total velocity
of the target relative to the dark matter halo is then the sum of these motions.
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Figure 3.1: Schematic of annual modulation due to Earth’s rotation around the Sun. Figure
from [39].

3.6

Coherent Neutrino Scattering in Dark Matter Detectors

For several years experiments studying solar neutrinos and those searching for dark matter particles have co-existed and endured the technological challenges such as obtaining lower
energy thresholds and suppressing radioactive backgrounds. Until recently, there was little
overlap in their physics programs. For direct detection dark matter searches, particle scattering focusses on low energy thresholds ⇠10 keV or below, in contrast to solar neutrino
physics where the size of the detector is more important than the energy threshold. This is
changing due to recent advances in dark matter detectors becoming more and more massive.
As dark matter experiments reach the ton scale neutrino signals will need to be separated
from genuine dark matter signals. As dark matter detectors continue to increase in size,
lower thresholds and improve sensitivity they will be confronted with solar, atmospheric and
di↵use supernovae neutrinos as a challenging background source that is hard to distinguish
from potential dark matter signals [40]. In order to not only extract properties of neutrinos
but also dark matter signals it will be critical to understand the di↵erences of the expected
dark matter and neutrino signals [41] [42]: neutron-electron scattering (ES) and coherent
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Figure 3.2: Feynman diagram of the Coherent Neutrino-Nucleus Scattering process [43].
neutrino-nucleus scattering. While most dark matter experiments are able to distinguish
between nuclear and electron recoils, neutrinos can mimic a WIMP event due to coherent
neutrino nucleus scattering.
Coherent Neutrino-Nucleus Scattering (CNS) is a predicted SM process that has yet to
be observed. CNS involves a neutrino elastically scattering o↵ a nucleus by exchanging a
virtual Z boson with nucleons as shown in figure 3.2. This interaction is a neutral-current
process meaning it is independent of neutrino flavor (unlike charged-current which produces
a lepton with flavor corresponding to neutrino flavor). For neutral-current, the cross section
is proportional to the square of the number of neutrons in the target nucleus.
At low momentum transfer the neutrino obtains contributions from all the nucleons in
the nucleus hence, the amplitudes of the wave functions are in phase and add coherently
and the wavelength of a Z boson is on the same order of magnitude as the radius of the
nucleus leading to an enhanced cross section. The total cross section depends on the Fermi
constant GF , the proton number of the target nucleus Z, the square of the neutron number
of the target nucleus (N ), the neutrino energy E⌫ , the Weinberg angle ✓w and the Helm form
factor |f (q)|2 described in section 3.2. Considering sin2 ✓w = 0.23 [45], GF is the precisely
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Source

Flux
⌫¯e

Flux Density
⌫¯e /cm2 /s

Flavor Energy
MeV

Pros

Reactor

1.21 x 1020
per GW

7.8 x 1012

⌫¯e

Large Flux

< 12

Table 3.1: Properties for measuring CNS at a nuclear reactor.

known Fermi constant and |f (q)|2 ⇡ 1 is a good approximation with an uncertainty of a few
percent [44], the total cross section

tot

T OT

is approximately

⇡ 4.2 · 10

45

N 2 E⌫ 2 .

(3.17)

Experimental sources of neutrinos < 50 MeV include those from nuclear reactors, supernova and the Sun. The recoil energy is small for larger mass numbers and nuclei with large
mass numbers have a larger cross section hence, the best detector material to detect coherent
neutrino nuclear scattering also depends on the minimal detectable energy deposited (the
energy threshold).
Nuclear reactors provide a very good source of neutrinos because their low energy, very
high fluxes and continuous source allows for good background rejection. The disadvantage is
that lower cross sections require very low thresholds. CCDs however, are excellent detectors
due to their small energy threshold due to their small CCD readout noise, good charge
transfer efficiency and negligible dark current in a controlled, cooled system. Table 3.1
summarizes the properties at the Angra-2 nuclear reactor. It is an excellent neutrino source
for the CO⌫NIE experiment which aims to detect coherent neutrino scattering using the
same CCD-based detector technology as the DAMIC dark matter experiment.
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3.6.1

Dark Matter Detection and the Neutrino Floor

Dark matter experiments need highly e↵ective background suppression due to very low
expected count rates. Most of the background comes from either the interaction of incident
particles (gammas, betas) or from electron recoils from the target material. For this reason,
dark matter direct detection experiments are located deep underground and employ additional shielding composed of lead and polyethylene to moderate neutrons, cosmic rays and
other radioactive contaminates.
Detection of coherent neutrino scattering include artificial and natural sources. Artificial
sources include low energy beta beams, stopped pions, radioactive sources and nuclear reactor
neutrinos. Natural sources include supernova neutrinos (burst and relic), Geo neutrinos, low
energy atmospheric neutrinos and solar neutrinos. Nuclear reactors have low energy, very
high possible fluxes and the continuous source.
Next generation direct detection dark matter experiments are expected to detect neutrinos that originate from nuclear reactions occurring in the Sun as well as atmospheric neutrinos produced by the interactions of cosmic rays with the atmosphere and di↵use supernova
neutrinos produced in the explosions of Type II supernovae that have occurred throughout
the history of the Universe. Due to the similarity in their recoil energy, coherently scattering
neutrinos with nuclei in direct detection experiments pose as the new challenge as far as
distinguishing them from dark matter particles is concerned. This boundary is referred to
as the ”neutrino floor”. For example, as seen in figure 3.3, a dark matter particle with a
recoil spectrum of 5 GeV would have an event rate which would be difficult to distinguish
from a 8 B solar neutrino. This figure shows the event rate for solar, atmospheric, and di↵use
supernova neutrino background (DSNB) sources in silicon as a function of recoil energy and
both before and after a detection threshold is applied.
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(a)

(b)

Figure 3.3: (a.) Event rate per recoil kinetic energy for a Silicon target nuclei. (b.) Number
of events above a threshold recoil kinetic energy for Silicon. The sum of all contributing
neutrino flavors is shown. [46]
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3.6.2

Neutrino Background in Dark Matter Detectors

The first two primary sources of solar neutrinos that could be observed in coherent events
in future dark matter detectors are 8 B and HEP solar neutrinos. 8 B neutrinos are produced
from the decay 8 B ! 7 Be⇤ + e+ + ⌫e , while HEP neutrinos are produced via the process
3

He + p ! 4 He + e+ + ⌫. 8 B neutrinos occur in approximately 0.02% of the terminations

of the proton-proton chain (pp) chain, while HEP neutrinos occur in ⇠2 x 10

5

% of the

terminations of the pp chain. The rate of the solar neutrino background sources in dark
matter detectors depends upon the target material and detector threshold, with more events
for lower energy thresholds and lighter target nuclei.
The production of atmospheric neutrinos occurs through cosmic ray collisions with nuclei
in the Earth’s atmosphere. These collisions produce a shower of pions which then produce a
primary flux of ⌫e , ⌫¯e , ⌫µ and ⌫¯µ [47]. Detectors become sensitive to an atmospheric neutrino
flux for E⌫ & 100 MeV and have been detected by several experiments.
The di↵use supernova neutrino background (DSNB), is the flux of neutrinos and antineutrinos emitted by all core-collapse supernova explosions in the past history of the Universe.
DNSB is expected to be observed via neutrino-nucleus elastic scattering but has yet to be detected, however low threshold detectors sensitive to low energy nuclear recoils may have the
ability to detect a supernova burst in the Galaxy [48] hence providing a unique opportunity
to study supernova physics.

CHAPTER 4
EXPERIMENTAL DARK MATTER SEARCHES

Direct detection dark matter experiments look for signatures of rare interactions between
dark matter and atoms in Earth based detectors. As previously discussed, the predicted dark
matter scattering rate can be constrained or inferred by the number of candidate events
observed and their associated energies. Constraints on the scattering rate are expressed as
constraints on the dark matter interaction cross section as a function of the hypothetical
dark matter WIMP particle mass since the dark matter cross section depends upon this
quantity.

4.1

Direct Detection Searches

There is a large experimental program underway to detect dark matter particles in the
laboratory directly. Most of these experiments are optimized for detecting the elastic scattering of DM particles with mass larger than 50 GeV, the theoretically preferred region of the
Weakly Interactive Massive Particle (WIMP) parameter space, where the main DM candidate corresponds to the lightest supersymmetric particle. Detection threshold nuclear recoil
energies of a few keV are typical for such high mass DM searches, and these experiments
are very close to excluding the most natural region of parameter space consistent with a
supersymmetric candidate.
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4.1.1

Background for Dark Matter Experiments

For direct detection experiments, WIMP interactions are expected to be rare which makes
distinguishing between the nuclear recoil signatures of dark matter and background events
extremely challenging. In general, typical sources of background currently come from cosmicray induced particle showers, Compton scattering of environmental gamma radiation and
radioactive contamination of the experimental setup itself. As a result, experiments are
designed to use both a combination of detector properties and external shielding in order to
maximize the rejection of background events.
Typically, dark matter direct detection experiments are located deep underground to
provide a shield against the high level of cosmic rays at the surface. Experiments also
employ additional shielding composed of polyethylene to moderate neutron background and
lead to stop electrons and photons.

4.1.1.1

The Neutrino Floor

Coherent neutrino scattering (CNS) is a source of background that is rapidly becoming
important for next generation direct detection dark matter experiments over the next decade.
Neutrinos are abundantly produced in the Sun and by supernovae and produce the same
signature in the detector as dark matter particles. Like dark matter particles, neutrinos are
weakly-interacting and are predicted to coherently scatter o↵ nuclei. The neutrino interaction
rate can be compared to the expected dark matter interaction rate to roughly determine the
dark matter cross sections below which the sensitivity of the experiment becomes difficult
to improve. This boundary is known as the “neutrino floor”.
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Figure 4.1: Experimental model-independent residual rate of the single-hit scintillation
events, measured by DAMA/NaI over 7 and by DAMA/LIBRA over 6 annual cycles in
the (26) keV energy interval as a function of the time.

4.1.2

Experimental Searches for Dark Matter

Dark Matter in CCDs (DAMIC), is an experiment located at the SNOLAB underground laboratory in the Vale Creighton Mine near Sudbury, Ontario, Canada [95, 96]. The
experiment uses high-resistivity silicon Charge Coupled Devices (CCDs) operated at low
threshold to measure the ionization produced from nuclear recoils to search for dark matter
particles from 1-10 GeV. The DAMIC experiment is discussed in more detail in Chapter 6.
DAMA/Libra, located at the Laboratori Nazionali del Gran Sasso in Italy, is an experiment to measure the WIMP event rate annual modulation using ⇠250 kg of highly radiopure
NaI(TI) [49]. Recent results of DAMA/LIBRA, corresponding to a total exposure of 1.17
ton·yr over 13 annual cycles are shown in Fig. 4.1. The “cyclical” results could provide
a model independent evidence of the presence of DM particles in the galactic halo at 8.9
C.L. [50]. The experiment, measures scintillation light from crystal however, is unable to
discriminate electron recoils from nuclear recoils.
CoGeNT is an experiment located at the Soudan Underground Laboratory in Soudan,
Minnesota [51]. The experiment uses 440g Ge crystal detectors to measure ionization. These
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detectors have a low energy threshold of 0.5 keV for electron recoils which allow a search
for nuclear recoil events from dark matter particles in the low mass range < 10 GeV.
EDELWEISS-II is an event by event discrimination experiment located at Laboratoire
Souterrain de Modone in France [52]. The experiment utilizes cryogenic Ge detectors that
operate at ⇠20 mK, to measure both the phonon and ionizations signals produced by particle
interactions thus allowing nuclear recoil events to be distinguished from electron recoil events.
Recently, achieving a total exposure of 384 kg·d, they set an upper limit on the cross-section
of 4.4 x 10

8

pb for a WIMP mass of 85 GeV, using a 4-kg array.

CRESST-II is an experiment located at the Gran Sasso underground facility in Italy
[55]. The experiment searches for WIMP signals by using CAW O4 detector modules operating at ⇠15mK. Each detector, ⇠ 300 g each, contains two tungsten superconducting
transition sensors, one of which monitors the temperature of the Si light absorber and the
other measures the temperatures of the scintillating CAW O4 crystal (thermal phonons).
Recently, they published results on low mass WIMPs with an exposure of 29.37 kg·d and set
a limit on a region of parameter space for WIMP mass below 3 GeV on spin-independent
WIMP-nucleon scattering [55].
CDMS is an experiment designed directly to detect dark matter particles directly in the
form of WIMPs located also at the Soudan Underground Laboratory in Minnesota. Detectors, operated at a temperature ⇠ 50 mK, measure the ionization and phonons produced by
particle interactions in either Ge or Si crystal substrates. These two measurements determine energy deposition of the charged particles and provide details about the type of the
interacting particles. The ratio between these two signals is used to discriminate electron
recoils from nuclear recoils. The second run, CDMS-II [53] with an exposure of 612 kg·d
set WIMP-nucleon spin-independent scattering upper cross-section limits of 1.8 x 10
1.18 x 10
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and

cm2 at 90% confidence level for 60 and 8.6 GeV respectively. SuperCDMS [54]

using fifteen 0.6 kg Ge detectors with an exposure of 612 kg·d set a WIMP-nucleon spin-
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independent scattering cross-section limit of 1.2 x 10

42

cm2 at 90% confidence level for 8

GeV.
Noble liquids: Dark matter experiments which use noble liquids use detectors that
consist of a dual phase Time Projection Chamber (TPC) to search for interactions of DM
particles. These liquids sit at the bottom of the chamber with a vapor phase at the top. Particle interactions with the liquid excite and ionize target atoms, producing fluorescence and
ionization that provide information about the energy, position and type of the interacting
particle. Photomultiplier tubes detect a primary scintillation (S1 ) and a secondary scintillation (S2 ) after ionized electrons are drifted out of the liquid by a voltage applied across the
detector. The ratio between

S2
S1

can be used to discriminate electronic recoils from nuclear

recoils. The most notable experiments in this category are: LUX (370 kg Xe), XENON100
(160 kg Xe), ZEPLIN-III (12 kg Xe), and DarkSide-50 (50 kg Ar) [ [56–59]].
Superheated liquids: Some experiments are based on detectors that contain superheated liquid droplets to directly search for dark matter. The energy deposited by a charged
particle traversing a liquid droplet creates a heat spike and triggers a phase transition that
occurs within a critical length (⇠ tens of nm) and exceeds a critical energy of ⇠ keV. These
quantities are functions of surface tension, latent heat of evaporation, the di↵erence between
the vapor and external pressure of the liquid and decrease exponentially with increasing
temperature. Piezoelectric sensors record an acoustic signal in the audible and ultrasonic
range from the explosive phase transition of each boiling bubble and are read out by lownoise preamplifiers. The experiments in this category are SIMPLE [60], COUPP [61] and
PICASSO [62].
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Figure 4.2: Recent upper cross section limits from direct detection dark matter searches [63].
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4.1.3

Summary of Direct Detection Experimental Limits

Recent results of direct detection dark matter searches are shown in figure 4.2. The figure
shows the expected neutrino floor as a function of WIMP mass. The cross section and mass
at which the rate of dark matter and neutrino interactions is nearly equal is shown by the
thick orange line. Next generation direct detection dark matter experiments are expected
reach the sensitivity to detect neutrinos that originate from nuclear reactions occurring in
the Sun as well as atmospheric and di↵use supernova background (DSNB) neutrinos.

4.2

Other Experimental Dark Matter Searches

4.2.1

Collider Searches

If the WIMP mass is sufficiently low, dark matter particles might be produced in highenergy particle accelerator collisions, assuming their coupling to the standard model particles
is strong enough. Currently, the Large Hadron Collider (LHC) at CERN focuses on searches
for the pair production of WIMPs via processes of the type pp !

¯ + X. Contributing

Feynman diagrams for a search channel for the pair production of WIMPs are shown in Fig.
4.3. The WIMPs are produced via an unknown intermediate state and since the WIMPs
are invisible to the detectors, the events are collected because of the additional initial-state
radiation of an SM particle [64].
Due to the large rate of gluon or quark initial-state radiation relative to photon, W or
Z boson initial-state radiation the strongest WIMP-nucleon cross section limits have come
from monojet analyses. Limits on the cross section for pp !

¯ + X from the LHC as well
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Figure 4.3: Production diagrams for collider searches for the pair production of WIMPs in
pp ! ¯ + W events [67]. The most stringent limits come from the initial state radiation of
quarks and gluons

Figure 4.4: Observed 90% C.L. upper limit for spin-independent (left) and spin-dependent
(right) DM-nucleon cross section for monojet final state from the ATLAS, CMS, and
CDF [64] collaboration. The results are also compared with latest direct detection bounds
from LUX [56], SuperCDMS [54], XENON100 [57], IceCube [68], PICASSO [62], and SIMPLE [60].
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as the Fermilab pp̄ Tevatron collider searches are available in [64–66]. Recent results from
the ATLAS Collaboration from a dark matter search for pp !

¯ + W/Z are shown in Fig.

4.4. In this analysis single massive jets and missing transverse momentum in events with a
hadronically decaying W or Z boson were selected in pp collisions for 20.3 fb 1 of integrated
p
luminosity at pp collision energies of s = 7 and 8 TeV. The limits assume equal couplings
of the DM particles for both up and down quarks in the colliding protons. Limits for the
spin independent cross section and spin dependent cross section are shown. Assuming the
interactions of the u and d quarks to WIMPs have di↵erent signs, the spin-dependent limit, is
3 orders of magnitude lower than the spin independent case. It is clear that collider searches
have the ability to compete with other direct and indirect DM searches and provide strong
constraints in WIMP parameter space.

4.2.2

Indirect Detection via WIMP Annihilation

Indirect detection DM searches look for the decay products of WIMP ( ¯ ! X), annihilation which produce gamma-rays, neutrinos or cosmic ray antimatter particles as shown
in Fig. 4.5. These searches look for WIMPs that pass through e.g. the Sun, which is made
of lighter elements than direct search detectors, and as such indirect section of WIMPs via
annihilation are more sensitive to spin-dependent WIMP models than many direct searches.
Some of these WIMPs scatter and are slowed down to below vesc and become captured. The
averaged self annihilation cross-section multiplied by velocity, h

A vi,

must be small in order

for the thermal relic WIMPs to maintain the proper amount of dark matter critical density.
The self annihilation products require an initial WIMP and an anti-WIMP therefore, the
WIMP must be a Majorana particle or else it fails to exhibit the matter-antimatter symmetry observed in the bright matter sector. Within our galaxy dark matter annihilation is

41

Figure 4.5: Schematic diagram showing the production of gamma rays, neutrinos or antimatter by annihilation of dark matter. Figure from [77].
found in the galactic center, the milky way halo, individual dark matter substructures, satellite galaxies and the Sun or Earth. Experiments such as IceCube [68] search for neutrinos
primarily produced in the Sun while, Fermi-LAT [78] and PAMELA [79] search for cosmic
sources.

4.2.2.1

Gamma Rays

Gamma rays are produced by WIMP annihilation by either annihilation into quarks and
gauge bosons with hadronization or pion decays. This yields a continuous spectrum allowing
directional information to be retained over large distances and exhibit sharp spectral features
such as mono-energetic lines or a sharp cuto↵. Currently, the major gamma-ray experiments
are the Fermi Large Area Telescope (Fermi-LAT) [80], MAGIC [81], VERITAS [82] and HESS
[83]. Fermi-LAT observes gamma rays by pair-conversion in the energy range between ⇠100
MeV and several 100 GeV, while experiments such as MAGIC, HESS and VERITAS search
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for energies above 100 GeV using Imaging Air Cherenkov Telescopes (IACT). ICATs are
generally dominated by background from charged cosmic rays, while Fermi-LAT is essentially
background free. Recent results for the upper limit for DM particles annihilating into photons
and into a photon and a Z boson and lower limit on
shown in Fig. 4.6 where an upper limit of 7.8 x 10
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decay into neutrino and photon are
cm3 s

1

is obtained for m ⇠250 GeV.

The limits are presented in terms of the averaged cross section multiplied by the velocity.

4.2.2.2

Neutrinos

Searches for dark matter that detect neutrinos rely on the direct annihilation of dark
matter to produce ⌫ ⌫¯, as well as other annihilation channels such as
or W + W

¯ ! ⌧ + ⌧ , µ+ µ bb̄,

which then give rise to neutrinos from the subsequent decays of their respective

final state particles. The searches consider dark matter annihilation in the core of the Earth,
the Sun and other galactic objects. The IceCube experiment uses a cubic kilometer of the ice
on Antarctica as an actual detector to measure the incoming flux of neutrinos. The detectors
look for Cherenkov light which is created by secondary particles that are produced by the
neutrinos passing through the ice.
IceCube, currently the largest neutrino detector in the world, has the ability to detect
neutrinos between 100 GeV and a few PeV. The detector uses spherical Digital Optical
Modules (DOM) sensors that are located within the volume of ice on Antarctica. The
DOMs, each of which contain a photomultiplier tube and a data acquisition computer, are
attached to 59 electrical cables called strings beneath the ice. The IceCube experiment
searches for neutrinos that originated from nearby galaxies, galaxy clusters as well as the
Sun. Using the results of a 339.8 day run taken between 2009-2010, IceCube (IC) determine
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Figure 4.6: Gamma line search results from MAGIC, H.E.S.S., and Fermi/LAT. (a.) Shows
the upper limits for DM annihilation into a photon and a Z boson for MAGIC (red line [81]),
Fermi-LAT (3.7 years, blue line [78]) and H.E.S.S (112 hours, green line). (b.) Shows the
upper limits for DM decay into a neutrino and a photon for MAGIC (red line) and FermiLAT (blue line). The purple triangle [84], is the tentative 130 GeV gamma line from Weniger
[51]. This work means MAGIC in the figure. Figure from Aleksc et al. [81].
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Figure 4.7: Wimp limits ⌧ + ⌧ and µ+ µ annihilation channels set by IceCube (solid lines).
Limits from gamma ray detection experiments are shown by dotted and dashed lines. The
positron excess in cosmic rays interpreted as WIMP signals for PAMELA and Fermi are
shown in the green and yellow regions, respectively. Figure from [68].
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Figure 4.8: Cosmic ray positron fraction as a function of Energy for PAMELA
limits for < v > at 90% C.L. in the ⌧ + ⌧

and µ+ µ annihilation channels as shown in Fig.

4.7.

4.2.2.3

Cosmic Ray Antimatter

Cosmic ray positrons are produced in interactions between high energy cosmic rays and
nuclei in the Interstellar Medium. Antimatter, high energy charged particles, produced in
WIMP annihilation, can consist of positrons, antiprotons, or even anti-nuclei. Searches in
this category focus on finding an excess in the positron-antimatter fraction at high energies.
The majority of cosmic rays are normal matter particles that have been accelerated by cosmic
sources. These normal matter particles produce high energy antiparticles, in secondary
interactions. In order to claim a DM signal from cosmic rays the background to the resulting
antimatter component must be well understood. Cosmic ray tracks are also bent as they
propagate through interstellar magnetic fields, hence they do not provide strong directional
information. WIMP annihilation produces equal numbers of electrons and positrons but
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since this is not the only process that produces e+ e pairs, it is difficult to rule out from
other sources. The best measurement of the positron flux at energies of tens to hundreds of
GeV are from the AMS02 and PAMELA experiments. The fraction of p̄ is very small and
flux falls at energies below ⇠1 GeV [17]. AMS02 shows the same energy rise and positron
fraction at low energies lower due to increase in solar activity while the results for PAMELA
are systematically lower than other data at energies < 5 GeV.

4.2.3

Axions

Figure 4.9 shows the relevant expected coupling of an axion to a photon a as a function
of the hypothetical axion mass ma . The diagonal yellow band in the figure shows the allowed
region predicted by the model. Also shown in the figure are regions covered by experimental
searches.
There are a number of experiments searching for axions and axion like particles (ALPs).
These utilize the expected conversion of an axion into photons and can be grouped into
three categories. In the first category, Helioscopic searches, aim to detect solar axions by
their conversion into photons inside of a strong magnet that points toward the sun. The
second category, Haloscope searches, aim for the direct detection of dark matter axions
in the laboratory. And the third category, Light-Shining-through-a-Wall (LSW) searches,
send laser photons along a strong magnetic field allowing them to convert into axions. The
axions can then reconvert into photons behind a blocking wall where a strong magnetic
field is placed. Among these are the CERN Axion Solar Telescope (CAST) [85], [86], the
Axion Dark Matter experiment (ADMX) [88] and the Any Light Particle Search (ALPS-I)
experiment at DESY [89]. The CAST experiment [87] uses the LHC dipole test magnet to
convert solar axions into photons. ADMX is an experiment that use a resonant microwave
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Figure 4.9: A summary of current and expected future experiment axion-photon coupling
strength ga limits as a function of the hypothetical axion mass maxion for axions [29].
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cavity within a large superconducting magnet to search for cold DM in the galactic halo.
ALPS-I is an experiment at DESY which sends a laser beam along a strong magnetic field.
The photons are then converted into axions or ALPs before being reconverted into photons
using a superconducting former HERA dipole magnet for detection. Recently, XENON100
also published first results of a search for axions and ALPs [90]. For more details comparing
these results with EDELWEISS-II [91] and XMASS [92], the reader is referred to [90]. A
summary of current and expected experiments searching for axions is shown in Fig. 4.9.

CHAPTER 5
THE DAMIC AND CO⌫NIE EXPERIMENTS

The DAMIC (Dark Matter in CCDs) experiment is a DM search experiment that uses
science grade silicon CCDs operated with a threshold of ⇠40 eV electron equivalent energy
(eVee ). The experiment started in 2010 when a test run was performed underground in the
NuMI [93] near-detector hall at the Fermi National Accelerator Laboratory. The technology
was demonstrated using a working detector with 0.5g of active mass which ran for more than
1 year at NuMI during 2010-2011 with an exposure of 107 g·day which produced the best
WIMP limit for dark matter particles at the time for masses below 4 GeV. For this analysis,
a local WIMP density of 0.3 GeV/cm3 , dispersion velocity for the halo of 230 km/s, earth
velocity of 244 km/s and escape velocity of 650 km/s was assumed. To interpret these results
as a cross section limit for spin-independent DM interaction, standard techniques described
in [94] were used and the Lindhard model was used to obtain the recoil energies. These
results can be found in [96]. The experiment has the sensitivity to cover the region of the
DM parameter space consistent with the recent experimental focus of DM searches while
achieving the world best sensitivity for masses below 10 GeV and opening up a region in the
parameter space inaccessible to other experiments.

5.1

Soudan Underground Laboratory

The DAMIC experiment is located 2 km below the surface in the J-Drift hall of the
SNOLAB laboratory. SNOLAB is a science laboratory located underground in the Vale
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Figure 5.1: DAMIC Setup.
Creighton Mine near Sudbury, Ontario, Canada and specializes in neutrino and dark matter physics. SNOLAB, originally the Sudbury Neutrino Observatory (SNO) solar neutrino
experiment, is the second-deepest underground lab facility in the world. Approximately, 2
km of rock provide shielding from cosmic rays, thus yielding a low-background environment
for experiments requiring high sensitivities and extremely low counting rates.

5.2

DAMIC Experiment at SNOLAB

The installation of DAMIC at SNOLAB began during November of 2012. The setup
design of the experiment is shown in figure 5.1. Figure 5.1a shows a packaged 2k x 4k pixel,
500 µm thick CCD that has been epoxied to a high-purity silicon support piece. The signals
from the CCDs are brought up to a vacuum interface board (VIB) by a Kapton signal flux
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cable which is glued to a silicon support. A copper bar, shown in figure 5.1a, provides for
handling of the packaged CCD and insertion into a slot of an electropolished copper box
(Fig. 5.1b). The copper box holding the CCDs is placed inside of a copper vacuum vessel
where it is cooled to ⇠140 K and kept at 10

7

torr. Also, inside the vessel, is an 18 cm-thick

lead block hanging from the vessel-flange that shields the CCDs from radiation produced by
the VIB (Fig. 5.1c). Kapton flex cables that run along the side of the lead block connect the
CCDs to the VIB which sends the processed signals to the data acquisition electronic boards.
The vacuum vessel is housed in a lead castle 21 cm thick, in order to shield the CCDs from
ambient -rays (Fig. 5.1d). A 42 cm-thick high density polyethylene shield is used beyond
the lead shield to moderate and absorb external neutrons. In a series of R&D e↵orts aimed
at identifying background sources, by going to a site where the rate of cosmogenic neutrons
is negligible, and by building a neutron shield for the neutrons produced in the rock, the
DAMIC Collaboration has since been able to reduce the background rate to ⇠ 500 kg
day

1

1

keVee1 .

5.2.1

Recent DAMIC Results

A recent analysis was performed by the DAMIC collaboration with data acquired at
SNOLAB in 2004 from two 500 µm thick (2.2 g each) and one 675 µm thick (2.9 g) CCDs.
A detailed explanation of this analysis is given in [95]. The CCDs where exposed for 36 days
yielding a total exposure of .27 kg·d. For this analysis a local WIMP density of 0.3 GeV/cm3 ,
dispersion velocity for the halo of 220 km/s and earth velocity of 232 km/s were assumed.
The recoil energies were obtained using the Lindhard model. A two-dimensional Gaussian
fit to each hit in the images was performed after initial data analysis. The signal threshold
was set by the noise and to estimate the efficiency down to the threshold a simulation was
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Figure 5.2: 90% C.L cross section exclusion limit for the DAMIC 2014 results (solid black)
compared to DAMIC 2012 (dashed black) [96], CRESST 2014 (solid green) [55] , CDMSlite
2013 (solid red) [97]. .
performed. The total exposure was calculated based on this efficiency to be ⇠ 0.3 kg·d. The
recoil energy spectrum of events was fitted with the WIMP-model described and no DM
candidates were found. The resulting 90% C.L. are shown in figure 5.2.

5.2.2

DAMIC100 and 100+

DAMIC100 was recently commissioned in April 2016 at SNOLAB. DAMIC100 consists
of an array of 18 low background CCDs, each of which are 5.5 g and 675 µm thick giving
a total mass of about 100 g. DAMIC100 is expected to begin operation to collect data for
one year starting at the end of 2016. The background rate is expected to be ⇠1 kg

1

day

1
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Figure 5.3: 90% C.L cross section exclusion limit for DAMIC 2015 and expected limits from
DAMIC100.
keVee1 , primarily due to the Compton scattering of external
⇠.5 kg

1

day

1

rays at an estimated rate of

keVee1 . The expected detection limits of this experiment are shown in Figure

5.3.
A further upgrade to total detector mass of about 1000g is planned for 2018. Research
and development has currently working on scaling the electronics. A multiplexor board is
being tested with the ability to readout a single CCD out of an array of detectors while all
others continue to collect data. This R&D also involves determining a way of operating the
CCDs at 100K and the correct shielding need to minimize materials close to the CCDs.
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5.3

CO⌫NIE Experiment

The CO⌫NIE experiment is located ⇠ 30 meters from the core of the Angra-II nuclear
reactor at the Angra Nuclear Power Plant located at the Central Nuclear Almirante lvaro
Alberto (CNAAA) on the Itaorna Beach in Angra dos Reis, Rio de Janeiro, Brazil. Angra-2 is
a Pressurized Water Reactor (PWR) with a thermal power of 3764 MW that has maintained
an operation factor for the facility of 88% since commercial operation commenced in the year
2000 [98]. During study operation, the flux density at the detector was 7.81012 ⌫/cm2 /s and
the total neutrino flux produced by the reactor was 1.211020 ⌫ /s. The large flux justifies
the use of this nuclear reactor as a neutrino source for the CO⌫NIE experiment [99].
The goal of CO⌫NIE is to search for coherent ⌫-nucleus interactions by measuring the
ionization produced by the nuclear recoils at low energy thresholds. The CO⌫NIE detector
is a prototype which uses an array of high resistivity, 250 µm thick silicon CCDs, each with
1 gram of active mass that operate at a threshold of 40 eVee as a target and record the
ionization produced.
The CO⌫NIE experiment is located outside of the main reactor building, built inside a
shipping container located on a temporary laboratory space. There is no overburden for
radiation shielding for the experiment. Figure 5.4 shows a schematic of the vacuum vessel
inside the radiation shield. The shield consists of a 30 cm polyethylene inner layer (grey),
followed by 15 cm of lead (blue, pink and green) then an additional 30 cm outer layer of
polyethylene (grey). Polyethylene is an e↵ective shield for neutrons, while lead provides
good shielding against gammas. A fraction of the polyethylene shield is kept inside the lead
layer to shield neutrons produced from the interaction of cosmic muons with lead. Inside the
vacuum vessel there is also a 15 cm lead cylinder above the copper box (orange) containing the
detectors which shields the detectors from radioactive components in the readout electronics.
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Figure 5.4: Radiation shield for the CO⌫NIE experiment. The shield consists of a 30 cm
polyethylene inner layer (grey), followed by 15 cm of lead (blue, pink and green) then an
additional 30 cm outer layer of polyethylene (grey). The copper vessel shown in orange
contains the CCD detector array
In order to reduce thermal dark current generated in the silicon, the CCD detectors
are operated at -140 C. Cooling is performed by a Gi↵ord-McMahon close-cycle refrigerator
[100] inside of a 10

7

torr vacuum vessel. Using a commercial PID (Proportional Integral

Derivative) system [101] which allows the temperature can be controlled to better than 0.1 C.
A copper box maintained at a temperature of -140 C houses the packaged CCDs (see figure
5.5) while acting as a radiation shield, thus reducing the infrared radiation reaching the
active surface of the CCDs.
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Figure 5.5: Left: A CCD engineering detector package for CO⌫NIE is shown in an aluminum
carrier used for handling the detectors in the lab. Right: Cold box used for detector array
with 4 sensors in place.

CHAPTER 6
CHARGE COUPLED DEVICES

A Charge-Coupled Device (CCD) is a device capable of detecting low energy photons. It
is an integrated circuit that is divided into a large number of pixels, with extreme sensitivity
to light. CCDs are formed as an array of metal-oxide-semiconductor (MOS) capacitors. Each
capacitor or pixel is comprised of a silicon substrate, an insulating film of silicon dioxide and
a set of metal gate (or electrodes). Charges are moved across the whole CCD by placing the
MOS capacitors very close to one another and manipulating the gates of the capacitors by
applying positive voltages.
Figure 6.1a shows the architecture of a CCD. The photon signals are collected in the
pixels of the CCD during the charge collection phase. Each CCD is divided by two halves
and has one readout channel located at the left and right end of the detector. During the
readout the pixel charges are then moved sequentially from the center of the CCD to either
the left or the right and then readout vertically. The readout process is continued until the
innermost pixel charges have been moved and readout at the sides of the CCD. Vertical
(parallel) registers, which store the current readout charges of the rows, are separated by
potential barriers or channel stops. The channel stops prevent the spread of unwanted signal
charge from one column into another. The horizontal (serial) register which stores the pixel
charge information is for “pixel-binning and multiple rows are simultaneously moved and
then readout on-chip. The sense node and reset transistor, located in the signal channel are
at the end of the horizontal register. The charge packets are then stored after amplifying
the readout signals with an output amplifier.
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Each individual pixel contains three electrodes p1 , p2 and p3 that are used to create
potential wells and also to transfer the charge horizontally across the CCD. These are located
on top of the silicon. Interchanging any 2 of the clocks causes the charge in a 3-phase device
to move in the opposite direction. For a 3-phase device charge accumulation and transfer
phases take place in 4 stages:
• @ t1 : The the electrostatic potential for gate p1 is held high and forms collecting well
under gate p1 . Charge generated in p1 will collect under p1 . Since the potential of p1
is greater, electrons generated under barrier p2 and p3 di↵use rapidly into

1.

• @ t2 : The controlling clock potential for gate p2 clock goes high. Charge transfer starts
within the creation of new potential wells and barriers by applying the appropriate
voltages to the gates at approximately sequenced times.
• @ t3 : p1 returns to ground which forces charge to the electrostatic well under p2 .
• @ t4 : p2 returns to ground thus forcing charge to p3 .
During these transfers, the charge is shifted between the three electrodes of each pixel in the
row. This is a process known as charge coupling. An example CCD clocking waveform for a
three phase detector is shown in figure 6.1b.

6.1

CCD Pixel Operation

A schematic of a CCD pixel is shown in figure 6.2a. The silicon lattice is initially charge
neutral, (i.e. charge due to positive holes = negative charge). Before the pixels are exposed
to light, they are biased into the depletion region. A positive charge is applied to the gate by
a substrate voltage (VSU B ) which causes positively charged holes to be pushed far down into
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(a) Full-Frame CCD Architecture

(b) 3-Phase CCD Clocking

Figure 6.1: (a) Schematic of the full architecture of a CCD [102]. (b) CCD clocking waveform
for a three phase detector [103]. The three electrode gates P(1,2,3) are used to control the
transfer of charge across the pixels of a CCD
the substrate resulting in no free electrons at or near the surface. This process leaves behind
a depletion region known as a potential well where immobile, negatively charged impurities
remain. An electric field extends to the backside contact and separates the electron-hole
(e-h) pairs generated in the depletion region, thus allowing the holes to move toward the
surface while the electrons move toward the substrate, depleting the entire volume of the
CCD substrate. Figure 6.2b shows a two-dimensional model of the potential well generated
underneath the gates within the silicon volume.
Charge generation is the ability of a CCD to intercept an incoming photon and generate
an electric charge. This process takes place during the accumulation phase in the silicon
body. Charge generation efficiency (CGE), is described by the quantum efficiency (QE)
of the detector. The QE is the fraction of incident photons that produce a useful charge
in the silicon chip. QE for silicon detectors depends strongly on temperature. There are
three e-h pair generation processes: photo-generation (this makes up to 95% of the QE),
dark current generated at the depletion region, and dark current generated near the surface.
These last two processes add noise to the data are called dark-current and can limit the
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Figure 6.2: (a) Schematic of a CCD pixel [104], (b) The electrostatic potential (V) in a fully
depleted CCD that directs the carriers photo-generated by the three phases under the gates
is shown as a function of depth (y-axis) and one of the lateral directions (x-axis). [105].
charge integration time. Until the integration time of the image has been completed and
charge begins to transfer, electrons are able to accumulate at or near the surface.
The full well capacity is the number of electrons that can accumulate in the potential
well, before their charge exceeds the applied electric field and is a function of the pixel size.
The full well is a measure of the maximum amount of charge a pixel can have. Pixel-to-pixel
non-uniformity also a↵ects how signal charge is collected by individual pixels.
With a buried channel potential well, charge packets are confined to a channel that lies
directly beneath the surface. The p-layer reshapes the potential well to form a potential
maximum below the Si

SiO2 interface and above the p-n junction. The collecting well is

at a higher potential than the barrier well and is where electrons would collect in a pixel.
The depth of a channel is controlled by the ionization energy incident on the silicon. A
shallow channel results in a lower threshold voltage and low clock voltages.
Charge collected in the depletion region is stored in the buried channels located a few
µm away from the gate electrodes. The holes produced near the back surface must travel
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(a)

(b)

Figure 6.3: Charge di↵usion illustration by point like event. Charge generated by a point
like event drifts in the z-direction and di↵uses. The resulting spread is used to determine
the originating position of the event.
the full thickness of the device to reach the potential well. As you accumulate charge in a
CCD well, the potential changes.
Charge di↵usion occurs in the depletion region and is generated in regions that lie outside
the depletion edge where field-free material exists. Field-free material allows charge to
di↵use and randomly wander away from the target pixel into neighboring pixels. Di↵usion
luminescence is generated in the corners of the drain where electric fields are highest. An
illustration of point like events by charge di↵usion are shown in figure 6.3. Charge carriers
drift along the z-direction, through the thickness of the detector, and are collected at CCD
gates. This charge di↵uses however, as it travels. A fit to the radial spread of the cluster
can be performed to estimate its position in z within the CCD volume.
Charge transfer occurs then by manipulating the voltage on the parallel sequence of
gates that form a register. In order to obtain the highest Charge Transfer Efficiency (CTE)
it is very important to understand how charge is lost during transfers. Thermal di↵usion,
self-induced drift and a fringing field e↵ect are the three mechanisms responsible for charge
transfer. Self-induced drift is caused by mutual electrostatic repulsion of the carriers within a
packet. Because charge di↵usion and self-induced drift require a finite time to move electrons
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completely from phase to phase, the CTE can decrease for very high speed operation. For
the transfer of small packets of charge, thermal di↵usion and fringing fields are important.
For large packets of charge, self-induced drift is important.
The output transfer gate (OTG) must be biased higher in potential than the negative
level of the output summing well in order for charge to transfer through the region. The
OTG is bound by charge injection and horizontal CTE. Charge from the sense node will be
injected into the horizontal register if set too high. Improper charge transfer between the
output summing well and sense node will occur if set too low.

6.2

CCDs as Particle Detectors

There are several advantages to CCDs using as particle detectors. They have extremely
high sensitivity and are very useful especially in underground laboratories. Their excellent
measurement precision allow for true two-dimensional point resolution. Multiple scattering
is reduced since they physically thin. Finally, the large number of pixels (> 106 ) on a single
device (> 10 cm2 ) allow for individual signatures of silicon lattice defects produced by the
particles thus decreasing the pixel occupancy hence allowing high hit density and a low
background.
However, there are a few disadvantages. For example, it is not straightforward to distinguish between the capture traps (of free electron and holes) produced by the radiation
particles and the numerous types of traps due to contamination and dopants. There are also
a large number of di↵erent types of lattice e↵ects due to irradiation making them vulnerable
to radiation damage.
Despite these disadvantages, CCDs have attractive properties for particle tracking applications. Since they are non-equilibrium detectors, dark charge is collected with the signal
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in the potential well and charge is periodically removed during readout cycle. The charge
is generated and collected throughout the entire volume. This is possible due to the largely
di↵erent doping concentration of the p+ substrate and the p-epilayer which creates the potential barrier. CCDs as low threshold particle detectors have the unique ability to explore
the low mass region of WIMP parameter space and probe more of the WIMP velocity distribution. Because the active volume thickness is small, the CCDs act as a dE/dx detector.

6.3

CCD Characteristics: DAMIC & CO⌫NIE Experiments

The CCDs for both the DAMIC & CO⌫NIE experiments started from an existing design
for the Dark Energy Survey (DES) camera DECam [106] that were designed and fabricated
at the Lawrence Berkeley National Laboratory (LBNL) Microsystems Lab [107]. Each CCD
typically contains ⇠ 8-16 million pixels 15 µm x 15 µm in size (providing spatial resolution
that permits rejection of background particles), with an active region made of high resistivity
(10-20 k⌦ cm) n-type silicon, 500-600 µm thick. Full depletion can be achieved by applying
a relatively low bias (40V for a 675 µm thick CCD), due to the low donor density in their
substrate (⇠ 1011 cm 3 ). The high resistivity silicon features a three-phase polysilicon gate
structure with a buried p-channel. A distinctive two-dimensional pattern is produced by each
particle in the CCD allowing for identification. Figure 6.4a shows a cross-sectional diagram
of a 500µm thick CCD developed at LBNL. A schematic of dark matter or ⌫ scattering
within the active region of a silicon nucleus is shown in figure 6.4b. Ionization is produced
from the nuclear recoil which then drifts along the z-direction and is collected at the CCD
gates.
Particles produce a unique two-dimensional track in the CCD which allows for identification of various particles as shown in figure 6.5b. Higher energy electrons, from Compton
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Figure 6.4: (a) Schematic of a CCD pixel, (b) Coherent elastic scattering detection principle
of dark matter particles and ⌫ in a silicon CCD.

Figure 6.5: (a) A Gaussian-like distribution of a single pixel value distribution of a 30,000s
long exposure showing the readout noise and the charge collected (tail) (shown in red). The
distribution of a blank exposure is shown in black. (b) Image of particle tracks in CCD.
scattering or -decay such as muons and alphas, produce extended tracks. Energetic electrons produced by electromagnetic radiation leave small curved tracks. Muons leave extended
tracks that cross the entire silicon volume. Alpha particles produce a large round structure,
due to the plasma e↵ect in silicon [108], in the bulk or in the back. Low energy electrons and
nuclear recoils produce single point or “di↵usion limited” events, where ionization is less than
a single pixel. The ionized charge produced by these di↵usion events flow into neighboring
pixels. These single point events are what both DAMIC and CO⌫NIE are searching for.
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6.4

Energy Threshold and Calibration

The CCDs are operated by applying a relatively low substrate (40 V for a 675 µm thick
detector) across the active region and the charge produced by ionizations in the CCDs is
collected over a few hours. During readout, the charge is read row-by-row and the signal
extracted through the serial register on one side of the CCD. The CCD output sense node
has a capacitance that is very small which allows it to measure charge as low as a few e
with a typical RMS noise of ⇠2 e /pix or (⇠7 eV/pix) as shown in figure 6.5a. For exposure
times over a few hours, the dark current in the CCDs is less than ⇠1 e pix

1

day

1

at an

operating temperature of ⇠140 K.
Information collected for all of the ionization energy deposits that occurred in the active
volume of the CCD during the time exposed contain the charge value at each pixel and can
be used to reconstruct an image. The requirement that the pixel value be 5-6 above the
noise level is required in order to unequivocally identify that charge has been collected in
any given pixel, thus setting the nominal experimental threshold for the CCDs at ⇠50 eVee .
As the CCD is readout, charge transfer inefficiency (CTI) dominates the charge loss in
a CCD. For a DECam CCD [109], CTI ⇠ 1 x 10

6

hence, < 1 % of the charge lost for the

further most pixel in an 8 Mpixel CCD. A pixel can collect up to a charge equivalent of
⇠360 keVee due to the well capacity of a single pixel being > 105 e . However, the dynamic
range of the digitizer sets the limit for the largest energy that can be measured in a pixel.
For standard settings of the CCD readout of these experiments, this value is 30 keVee . Due
to the relatively low dE/dx for the e , it is unlikely that an ionizing electron will deposit
> 30 keVee in a single pixel. Nuclear recoils, however have a much larger dE/dx and are
more likely to exceed this limit, but due to their lower ionization efficiency [110], energy
depositions up to ⇠ keVr can be accurately measured.
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Figure 6.6: Left: Spectrum obtained of a 55 Fe source illuminating the back of a CCD.
Center: Linearity response in the measurement of ionization energy from several X-ray
sources. Right: Variance of the X-ray lines as a function of energy.
The energy spectrum measured by exposing a CCD to an 55 Fe source is shown in the left
hand side of figure 6.6. Calibrations of the CCD energy response have been performed with an
55

Fe source with fluorescence X-rays from a Kapton target to an 55 Fe source and with alphas

from

241

Am. Shown in the center and right hand plots of figure 6.6 are linearity response

of the CCD in the measurement of ionization energy produced in the active regions. The
detectors have an excellent linearity and energy resolution (63 eV RMS at 5.9 eV) for electron
induced ionization. The e↵ective Fano factor is ⇠ 0.16 which is typical for a CCD [111].
The CCD was illuminated from the back for calibration which due to charge di↵usion yields
a larger dynamic range and worse energy resolution than illuminating the CCD from the
front.

CHAPTER 7
ANALYSIS OF DAMIC AND CO⌫NIE DATA

In this chapter I illustrate the current performance of CCDs in real experiment environments. In section 7.1, I follow the procedure to calculate an upper limit for WIMP-nucleon
scattering for CCD detectors at the DAMIC experiment. In section 7.2 I investigate the
sensitivity of CCDs to select candidate neutrino scattering events by using data collected by
the CO⌫NIE experiment.

7.1

DAMIC Analysis of the WIMP Exclusion Limit

In this section I use the observed event rate obtained using data collected by the DAMIC
experiment during 2014 of 74± 5 d.r.u. (di↵erential rate units) to derive upper limits on the
spin-independent WIMP-nucleon cross section as a function of WIMP mass.
The work follows the procedure used in the DAMIC published results available in [95].
The model used for this calculation is a test model the full systematics and calibrations are
not applied. The test model shows that I have developed my own set of tools to calculate
an upper limit that are consistent with those used for the official DAMIC results.
The data were acquired at SNOLAB in 2014 using two 500 µm thick (2.2 g each) and
one 675 µm thick (2.9 g) CCDs. The CCDs where exposed for 36 days yielding a total
exposure of .27 kg·d. For this analysis a local WIMP density of 0.3 GeV/cm3 , dispersion
velocity for the halo of 220 km/s and earth velocity of 232 km/s are assumed. The recoil
energies are obtained using the Lindhardt model. A two-dimensional Gaussian fit to each
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hit in the images is performed after initial data analysis. The minimum signal threshold is
set above the noise and to estimate the hit selection efficiency down to the threshold of 50
eVee , a simulation is performed and used. The total exposure was calculated based on the
obtained efficiency to be ⇠ 0.3 kg·d. The recoil energy spectrum of events is fitted with the
WIMP-model described and no DM candidates are found.
The results of this analysis are used to set constraints on the WIMP-nucleon scattering
cross section as a function of WIMP mass. The observed event rates are compared to the
number of expected event rates from a hypothetical WIMP model. The cross section for
each discrete WIMP mass value is varied until a limit value is obtained that corresponds
to the observed event rate. The Bayesian intervals technique is used to set an upper limit.
A standard Maxwellian dark matter halo is assumed with a local WIMP density of 0.3
GeV/cm3 , escape velocity vesc = 544 km/s and a characteristic velocity for the halo of
220 km/s. The resulting 90% upper confidence level limit for the spin-independent WIMPnucleon cross section is presented in figure 7.1. The limit does not exclude any new parameter
space and the results are consistent with the official limit produced by DAMIC.

7.2

CO⌫NIE Analysis of the CCD Neutrino Contribution

7.2.1

Physics Selection and Analysis

An engineering run was performed during the Angra-II one month annual reactor shutdown in 2015. Data from the first half of the reactor shutdown is not used in this analysis
due to extra noise in the readout system by a factor of two due to equipment operating near
the detector. This was a part of the reactor shutdown actives and not part of the CO⌫NIE
experiment. During this time data was collected with the CO⌫NIE engineering array during
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Figure 7.1: WIMP-nucleus cross section exclusion limit at 90% for
obtained by the DAMIC collaboration during 2014 of 74± 5 d.r.u.

SI

= 10

41

using results

the time the reactor was o↵ giving an exposure of 14.8 days followed by data collected beginning the 27 of October 2015 during normal reactor operations for an exposure of 7.6 days.
These two sets of data allow for a comparison of the event rates with the reactor on and o↵
which can be used to establish a limit for the detected event rate coming from additional
neutrinos produced at the reactor. By comparing data collected with the reactor on and the
reactor o↵ the detected scattering of neutrinos can be inferred with the only limit sensitivity
of the experiment being the understanding of the radiation background. The event rate
measured with the reactor on and reactor o↵ is shown in Fig. 7.2 which shows an observed
rate ⇠103 Events g 1 d 1 keV

1

at an energy of 10 keV.

In this analysis, several requirements are made to select good quality data and define a
fiducial volume (e↵ective detection volume) of the detector. Data quality cuts are used to
select areas of the detector away from the overscan region.
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Figure 7.2: Energy spectrum measured in the CO⌫NIE engineering array with Reactor OFF
(cyan) and reactor on (magenta) in arbitrary units.
The X-ray fluorescence lines produced by the detector materials can be observed at lower
energies. For example, the Cu peaks around 8 keV are important for monitoring the gamma
background in the detector and for energy scale calibration. The two X-ray lines produced
by fluorescence in the copper materials surrounding the detector can be seen after further
selection requirements are applied in figure 7.3. These peaks correspond to the 8.05 keV and
8.9 keV lines produced by the k↵ and k energy levels respectively.
While events with recoil energies up to 10 keV are expected, the analysis focuses on the
low energy range < 2 keV since there is a very low probability of occurrence of detecting
event energies higher than this. The following data selection cuts are performed to select
di↵usion-limited events in the CCDs. In order to eliminate clusters from correlated noise a
selection cut of 5 (RMS) is applied by selecting events above a minimum energy threshold
as a function of the number of pixels in the cluster, and by selecting events with at least one
pixel having more than 10 e . A di↵usion band of 0.1 <

< 0.35 is used to select events
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Figure 7.3: The two contributing Cu fluorescence peaks, (k↵ and k ) obtained while data is
collected with the Reactor On (Magenta) and Reactor O↵ (Cyan).
away from the surface of the detector. Figure 7.4 shows the number of total and expected
passed events after the selection cuts were made along with the ratio of the two as a function
of energy.
After the events have been selected, the energy scale is calibrated by applying a slight
shift. Next, an efficiency correction of 43% is applied to the data after the selection criteria
and energy calibration is made.
The resulting energy spectra measured with the reactor on, reactor o↵ and their di↵erence
is shown in figure 7.5. The large number of events at 1.8 keV is due to the silicon fluorescence
X-ray. The statistical error in each bin is computed as the square root of the number of entries
in each bin. An upper limit of the CENNS interaction detection can be set by taking the
di↵erence of the event rates of Reactor On - Reactor O↵.
Nearly all neutrino events are expected at low energies up to energies of approximately
0.3 keV [99]. These events are all contained within the first bin of figure 7.6 which shows the

72

Figure 7.4: Left: The energy distribution of hits from simulation selected before (total) and
after (passed) the di↵usion-limited hits selection described in the text. Right: Efficiency
from simulation of the di↵usion-limited selection criteria.

Figure 7.5: Measured energy spectra measured with Reactor on (magenta), Reactor o↵ (cyan)
and their di↵erence (green) after correcting for the expected efficiency. The statistical error
in each bin is computed as the square root of the number of entries in each bin.
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Figure 7.6: Energy spectrum measured with Reactor on (magenta), Reactor o↵ (cyan) and
their di↵erence (green) for neutrino range of interest.
same energy spectrum for the neutrino range of interest. After comparing the event rates
with the reactor on and o↵ are compared, no excess of neutrinos is observed coming from
nuclear fission at the power plant.

CHAPTER 8
ELECTRONICS FOR THE NEXT GENERATION OF THE
DAMIC/CO⌫NIE EXPERIMENTS

DAMIC and CO⌫NIE are particle detection experiments based in CCD technology, where
the sensitivity of the experiment is limited by the total active mass of the detector. As
we move into the future we need to develop cost efficient ways to develop readout systems for large arrays of CCDs. Large arrays of CCDs are used in astronomy (LSST, DES,
PANSTARRS and other large focal plane cameras), with costly readout systems. We propose
here a novel solution for the DAMIC/CO⌫NIE experiments, based on a readout multiplexer.
In this chapter, I discuss the motivation for the testing of a prototype multiplexer (MUX)
board as well as results of testing in a single CCD cube and multi-CCD vessel. The prototype
board is designed and used for multiplexing the CCD readout using an array of N CCDs
while maintaining sub-electron noise. While the prototype here contains 16 multiplexed
outputs, N could be as large as 256. This can be a challenge to balance between cost
e↵ectiveness and maintaining sub-electron noise performance when the number of channels
are increased. The current DAQ readout used is based on DECam monsoon electronics and
has limited capacity in the number of CCDs readout. This is enough for DAMIC100 but
not for future plans for DAMIC+. While the DAQs are readout in parallel, a multiplexer
allows for the ability to readout sequentially thus, requiring less supporting hardware. By
modifying the existing DECam electronics to include a multiplexer, a large detector array
with sub-electron noise performance could be produced. A top level circuit schematic of the
prototype MUX transition board is shown in Fig. 8.1. Prior to testing, the path of the data
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Figure 8.1: Top level schematic of prototype MUX Transition Board.
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Figure 8.2: Shows mapping of clock board register pin numbers and names to clock board
address.
from the transition board, to the CCD and readout clocks needed to be understood.. A
detailed mapping of clock board register pin numbers and names to clock board address is
shown in Fig. 8.1.
The Prototype Multiplexer Board receives clocks from the clock board (CB) which generate signals needed to clock data out of a CCD during readout and uses them to sequentially
control up to 16 CCDs. There are two sets of 12 signals (buses Read(11:0) and Static(11:0)])
that are successively applied to each CCD. Bus Read(11:0) is applied to a CCD during the
readout time, and bus Static(11:0) is applied to a CCD during the acquisition time. Up to
16 CCDs can be controlled by switching between signals bits (3:0). The bus static signals
go directly to all 16 switches, while only the read signals from the selected CCD is read out.
The multiplexor board was developed with the ability to control up to 16 CCDs at one time.
It allows for the selection of a single CCD are readout while leaving all other CCDs static.
A schematic showing the data path using a MUX with an array of N CCDs is shown in Fig.
8.3.
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Figure 8.3: Schematic of data path with a multiplexer.

8.1

Silicon Detector Testing Facility

Testing of the prototype multiplexer board was carried out at the Silicon Detector Facility (SiDet) at Fermilab. The primary purpose of the facility is the design, assembly and
testing of silicon pixel and strip detectors for use in particle and astro-particle physics experiments at Fermilab and CERN. There are a number of clean areas, optical and mechanical
Page 1

measurement systems as well as support required to work with and protect electrostaticaly
sensitive electronics and CCDs from unintentional damage.

8.1.1

Single Cube Testing Setup

Testing of the prototype multiplexer board in a single cube was performed inside one of
the clean rooms at SiDet. The facility maintains an area for the testing and characterization
of CCDs such as those used for DECam. A single CCD is housed in a test station, shown to
the left, behind the crate on the blue bench in (Figure. 8.4), which is placed in a thermallycontrolled vacuum dewar. In order to regulate the cooling power provided by the liquid, the
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Figure 8.4: Photograph taken of one of the single CCD test stations inside the Lab A
cleanroom at SiDet.
dewar has a valve to control the flow of the Nitrogen gas. There is a 20W heater installed in a
copper box that reduces the dark current to negligible levels, hence improving the sensitivity
of the CCD to very low light levels. Attached to the front of the cube is an X-ray control
which can be used to expose the CCD to an
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F e source. A VIB cable is connected from

the test station to a set of electronics which combined into a single crate with a maximum
of 8 slots. The Master Control Board (MCB), located in slot 1, sends instructions to all the
boards connected through the backplane of each crate.

8.1.2

Multi-CCD Testing Facility

A Multi-CCD Test Vessel (MCCDTV) was also designed and built for testing up to 28
CCDs, along with their readout electronics and the mechanical and thermal properties of
the entire system for the Dark Energy Camera (DECam) [106] of the Dark Energy Survey
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Figure 8.5: Photograph taken of the
MCCDTV with 10, 2k x 4k CCDs
mounted on the focal plane.

Figure 8.6: Photograph taken of the
MCCDTV connected to a crate that
houses the electronics.

(DES) Experiment. Figure 8.5 shows a photo of the MCCDTV with several CCDs installed.
The MCCDTV was designed to readout all CCDs simultaneously and is used to develop
software that controls the readout of multiple CCDs in single image and perform system
tests of the electronics. An example of the electronics connected to the MCCDTV is shown
in Fig. 8.6
Five CCDs were installed in the MCCDTV in positions 26S, 27S, 28S, 30S and 31S on
crate 2, backplane 3, clock board 6, video board DA7, which correspond to selecting CCD
3, 4, 5, 7, 8 on the MUX respectively. A summary of the CCD number selected for readout
using the multiplexor, the associated “fits” extension the data is written to and the focal
plane positions are given in Table 8.1.
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CCD No

Fits Ext.

Position

3
4
5
6
7
8

1
2
3
4
5
6

026S
27S
28S
Not Installed
30S
31S

Table 8.1: Summary of CCD position on the focal plane and how it maps to the CCD
selected using the MUX along with the associated output fits extension.

8.2

Prototype Multiplexor Test Results

There were three primary stages to testing the multiplexer board in the laboratory. These
make use of an adapter “breakout board” to view CCD signals directly in an oscilloscope.
First comparing old and new using only a breakout board and scope. Second comparing
old and new using breakout board and single cube CCD. Third comparing the old and new
transition board connected to MCCDTV. For this, all clocks and bias voltages were verified.
Testing of the prototype multiplexer board began by mapping it to a breakout board
(Figure 8.7. The breakout board allows the clock signals (H1,H2,H3,SW,RG,V1,V2,V3,
TG) for up to 9 CCDs (0-8) to be verified using an oscilloscope. Software was developed to
select a given CCD for readout while leaving all other CCDs static. When selecting CCD 0,
the clock signals for only the selected CCD were clearly seen on the scope. If the probes were
connected to any other CCD, no signals were seen. Similar results were seen while selecting
any of the CCDs 1-8. The resulting clock waveforms comparing the “old” transition board
with the “new” Multiplexor board for both the vertical and horizontal clocks are shown in
Figures 8.8 and 8.9 respectively.
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Figure 8.7: Shows mapping of clock board register pin numbers and names to clock board
address.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 8.8: Clock measurements of V1, V2, V3, TG for (a) Old Clock Board, (b) MUX CCD
3, (c) MUX CCD 4, (d) MUX CCD 5, (e) MUX CCD 7 and (f) MUX CCD 8.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 8.9: Clock measurements of H2, H3, RG, SW for (a) Old Clock Board, (b) MUX
CCD 3 , (c) MUX CCD 4, (d) MUX CCD 5, (e) MUX CCD 7 and (f) MUX CCD 8.

84
Clocks were compared for the old and new transition board verifying all voltages and
timings were exactly the same.

8.2.1

Results of Testing in the Single Cube

The prototype transition board has been proved to work on a single CCD cube. Once
the electronics have been connected to a single CCD cube, there are two cables from the
back of the crate to a transition board. During testing, one cable was connected to the test
cube and the other going to the breakout board. For this setup, selecting CCD 0 allows one
to see the clocks on the scope from the breakout board. By selecting CCD 5 we can test
how a single CCD is mapped from the multiplexer board. The static and readout functions
are seen to work as expected. Figure 8.10 shows that not only did we succeed in using the
selected CCD to collected X-rays but particles tracks from electrons, and muons are also
visible. If another CCD is selected and CCD 5 is left static for some time before physically
switching back then it was also clear that the number of X-rays and other particle tracks
increase as a function of exposure time.

8.2.2

First Results Testing in the MCCDTV

First the old transition board was connected to the electronics to verify success in reading
out all of the CCDs. Clocks and timings were verified using the scope. While I have been
able to show using a scope and breakout board, the prototype multiplexor board performs
as designed, when the multiplexer is placed in the crate and connected to the to the VIB
connected to the MCCDTV some signals seem to be in contention with other signals. In
trying to understand the MUX behavior when connected to the MCCDTV, soldering wires
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Figure 8.10: Image showing particle tracks when CCD 5 is selected when the MUX board is
connected to a single CCD cube.
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Figure 8.11: Image showing particle tracks when CCD 7 is selected using the MUX board
connected to the MCCDTV.
were connected to H1L, H1U, H2, H3L, H3U, SW and RG to monitor CCD 4 using a scope.
There currently, however, appears to be some kind of cross talk between the video signals.
There also appears to be an o↵set of ⇠1 V between the measured and the defined clock
voltage values. Also, tracks are currently visible only on CCD 7 (Fig. 8.11), however it
becomes extremely saturated when another CCD is selected to be readout and takes several
times to clear saturation.

CHAPTER 9
CONCLUSION

Future generations of direct detection dark matter experiments are expected to detect
neutrinos that originate from nuclear reactions occurring in the Sun, atmospheric neutrinos
produced by the interactions of cosmic rays and di↵use supernova neutrinos produced in
the explosions of Type II supernovae. Coherently scattering neutrinos with nuclei in direct
detection experiments pose as the new challenge of distinguishing them from dark matter
particles because of the similarity in their recoil energy. This boundary is referred to as the
neutrino floor. While the idea of observing both coherently scattering neutrinos and dark
matter particles is exciting, if signal and background cannot be distinguished the neutrino
floor sets a lower bound on the experimental sensitivity to the dark matter scattering cross
section of ⇠ 10

43

cm2 .

In this work I have described the DAMIC experiment at SNOLAB, the CO⌫NIE experiment at the Angra-II nuclear reactor and the ability of silicon CCDs to detect dark matter
particles and coherently scattering neutrinos due to their small energy threshold which is
due to their small CCD readout noise, good charge transfer efficiency, and negligible dark
current in a controlled, cooled system.
Currently, there are two primarily proposed methods of distinguishing neutrinos from
dark matter particles: directional dark matter detectors and annular modulation. Dark
matter particles from Cygnus are expected due to the rotation of the solar system around the
galactic center, while solar neutrino events should come from the sun. One proposed method
involves developing directional dark matter detectors. Directional dark matter detectors aim
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to positively identify dark matter signals by correlation with its astrophysical source, and
therefore have the unique ability to reject neutrino backgrounds.
Another proposed method of distinguishing neutrinos from dark matter particles is annual modulation. Due to the rotation of the Earth around the Sun, the WIMP event rate
modulation is highest in June. In contrast, the solar neutrino modulation event rate that is
highest in January due to the eccentricity of the Earth’s orbit. Hence, the modulation rate
of solar neutrinos and WIMPs are shifted by about 180 days.
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